Introduction
Structural changes induced in crystals by photochemical reactions at ambient pressure Photochemical reactions in crystals are of interest to many scientists. In recent years, papers on monitoring structural changes in crystals brought about by photochemical reactions have started to appear. These publications include both interand intramolecular reactions: mainly [2 + 2] and [4 + 4] photodimerizations, [1] [2] [3] [4] [5] [6] a Norrish-Yang reaction (which is based on the formation of a four-membered ring (Scheme 1a)), [7] [8] [9] [10] and E → Z or Z → E photoisomerizations. [11] [12] [13] [14] The careful monitoring of the structures for many stages of crystal transformations revealed that: (a) unreacted molecules do not assume a constant position in the crystals, (b) in the case of [2 + 2] and [4 + 4] photodimerizations, the unreacted molecules come closer to each other and the distance between the reactive atoms decreases linearly with the progression of crystal transformation; the observed relationship was explained by the stress imposed by product molecules onto reactant molecules, (c) for most of the intramolecular reactions, the distance between the reactive atoms is constant during a long period of crystal transformation, (d) the orientations of the molecular fragments are changed as the transformation progresses; the biggest changes are ca. 20°, (e) the rate of the photochemical reactions depends on the concentration of the reactant molecules in the crystals and (f) the photochemical reactions bring about changes in the unit cell parameters, which is a result of changes in the crystal structures as the reactions progress.
Chemical reactions in crystals at high pressure Some of the reported transformations were induced not only by high pressure, but simultaneously by electromagnetic radiation. In many cases the use of radiation at a high pressure enables different compounds with different properties to be obtained. Such a situation is observed for the polymerization of butadiene. 17, 18, [35] [36] [37] Most chemical reactions at high pressure are studied using spectroscopic methods, usually IR and Raman spectroscopy, and very rarely, the final products and their structures are characterized by X-ray diffraction methods, usually powder diffraction.
Here, we present the results of an X-ray structure analysis on how pressure modifies structural changes brought about by the photochemical reaction in a crystal. This is the first example of such studies in scientific literature. The main aim of this research was accomplished by: (a) monitoring the deformations of the cell constants with the progression of the photochemical reaction at different pressures, (b) monitoring the deformations of the cell constants with an increase in pressure, i.e. without photo-induction, (c) monitoring the content of photoproduct molecules in crystals at different pressures, (d) analysing the changes in shape and geometry of the molecules in the crystals, (e) analysing the changes in molecular orientation. In order to achieve these goals, we determined pure reactant crystal structures, pure product crystal structures and also crystal structures of partly reacted crystals, i.e. containing both reactant and product molecules, at ambient and high pressures. The compound studied was 2-tert-butylphenylphenylmethanone.
Experimental
The studied compound was purchased from Sigma-Aldrich and recrystallized from a methanol : ethanol : water mixture (vol. 16 : 3 : 1).
The experiments were carried out at ambient and high pressure and in the dark. In the high-pressure diffraction experiments, a high-pressure Boehler-Almax diamond anvil cell (DAC) was used. 38 A single crystal of the studied compound, quartz and a small ruby chip were glued to a culet surface of the diamond anvil, covered by an inconel gasket (thickness: 0.3 mm, hole diameter: 0.35 mm), and filled with a glycerin : water mixture (vol. 3 : 2) or hydrostatic glycerin liquid. The quartz and ruby crystals acted as pressure sensors. The high pressure values in the DAC were estimated by the ruby fluorescence method 39, 40 and/or by the unit cell parameters of quartz. 41 The DAC was mounted on a diffractometer and aligned using the gasket-shadow centering procedure. 42 The sets of collected reflections contained data coming from the two diamonds, quartz, ruby and the studied compound. Nevertheless, it was possible to remove the reflections coming from both of the diamonds and to group the remaining sets into three separate parts: those coming from the quartz, those from the ruby and those from the studied compound. We used five different crystals of the studied compound. Four of them were closed in the DAC and one was mounted on a glass pin and measured at ambient pressure (0.1 MPa). The values of high pressure were as follows: 0.55, 0.90, 1.27 and 1.50 GPa. The CrysAlisPro program suite 43 was used for data collection, UB matrices determination and data reduction. Additional corrections of the reflection intensities, associated with DAC absorption, were unnecessary. We induced the photochemical reaction using UV radiation. The crystals were irradiated in steps using an Hg 100 W lamp equipped with a water filter and a WG-320 glass filter. The WG-320 filter blocked shorter and transmitted longer wavelengths: 0% transmittance for λ < 300 nm, ca. 95% transmittance for λ = 350 nm and 100% transmittance for λ > 365 nm. Such wavelengths helped us to conduct the reaction homogenously. 44, 45 The intensity of the UV beam was 800 mW cm −2 . The irradiation times were: 0, 10, 20 and 40 min in total at 0.1 MPa; 0, 10, 30, 60 and 120 min in total at 0.55 GPa; 0, 15, 30, 60, 90, 120 and 180 min in total at 0.90 GPa; 0, 30, 90, 180 and 300 min in total at 1.27 GPa; 0, 40, 80 and 150 min in total at 1.50 GPa. The structure of the non-irradiated crystal of the studied compound at ambient pressure has been published previously. 46 We redetermined it to ensure that all of the data were from the same sample. The structures were solved by means of SHELXS97 and refined using SHELXL97. 47 The crystal data obtained at 0.90(2) GPa, at ambient pressure for 40 min UV irradiation and at 1.50 GPa for 150 min UV irradiation were not of satisfactory quality and were omitted in the paper. The final refined values of the site occupation factor revealed the following content of the product: 0, 5.9(5), and 10.6(6)% for the crystal at 0.1 MPa; 0, 7.3(6), 15.4(9), 44.0(13), and 100% for the crystal at 0.55 GPa; 0, 7.8(6), 20.5(10), 51.9(16), and 100% for the crystal at 1.27 GPa and 0, 11.2(9) and 23.8(12)% for the crystal at 1.50 GPa. Owing to a reactant-product disorder, the following weak restraints from SHELXL97 47 were applied:
DFIX, DANG and SIMU. The target values of the bond lengths and valence angles were taken from the structures of the pure reactant and pure product crystals. Some non-hydrogen atoms of the major component were refined anisotropically, but all of the atoms of the minor component were treated isotropically. Hydrogen atoms were positioned geometrically with U iso = 1.2 U eq for benzene rings and U iso = 1.5 U eq for methyl groups. The hydrogen atom from the hydroxyl group in the product molecule was omitted in the case of all partly reacted crystals. For the pure product crystals, it was located in difference Fourier maps.
Selected experimental data are presented in Table 1 for the structures at 0.55 GPa. Data for all structures are given in the cif files. In order to check whether the photochemical reaction stops after the removal of the source of UV radiation, an additional data collection was carried out 24 h after the data collection for one of the partly reacted crystals. The content of the product, determined during the structure refinement, was statistically the same for both data sets. This also showed that the photochemical reaction was not influenced by X-rays.
Results and discussion
Under satisfactory conditions 2-tert-butylphenylphenylmethanone, the studied compound, can undergo a photocyclization reaction in crystals (Scheme 1b and c). In this reaction, a δ-H atom is transferred to a carbonyl group and as a result a 1,5-diradical is formed which afterwards can lead to the formation of a fivemembered ring. Fig. 1a shows the DAC used in the high pressure studies and a typical collection of crystals placed in a metal gasket in the DAC, namely a crystal of the studied compound and additionally ruby and quartz crystals used as pressure sensors. Fig. 1b presents the structures of the molecules present in a pure reactant crystal, in one of the partly reacted crystals and in a pure product crystal at high pressure. It is noticeable that the shapes of the reactant and product molecules are very similar and also that the phenyl ring moved more in the reaction than the 2-tert-butylphenyl moiety did.
Structural changes brought about by pressure, without photo-induction Fig. 2 shows the variations in the unit cell parameters and the unit cell volume with the pressure imposed on the crystals. The changes in the a, b and c parameters en route from the ambient pressure to the pressure of 1.50 GPa are −0.572, −0.517 and −0.907 Å, which is equivalent to 4.2, 4.0 and 5.6%, respectively. The decrease in the percentage of the unit cell parameters along the a and b axis is very similar. A rather large change in the cell volume, 13.2%, is not unusual for molecular compounds. 49, 50 The changes in the cell parameters are not linear and are bigger at the beginning of the pressure imposition. This is understandable since intermolecular distances are longer at lower pressures and it is easier to shorten them. The pressure-volume data are in agreement with the Birch-Murnaghan equation of state:
where: V 0 -the cell volume at ambient pressure, K 0 -the ambient-pressure bulk modulus (incompressibility) and K ′ 0 -the pressure derivative of incompressibility. The least-squares fit of the pressure-volume (compression) data for the studied compound to the Birch-Murnaghan equation of state gave K 0 = 7.3 GPa and K ′ 0 = 5.4 GPa. The intermolecular distances were also visualized by the Hirshfeld surfaces 52, 53 in Fig. 3 . As can be seen, big changes take place near the reaction centre. The variations in the unit cell parameters and the cell volume are smooth, which indicates that no phase transition takes place in the pressure range from ambient to 1.50 GPa. A smooth relationship is also observed between the values of the free space in the crystals and the values of the pressure, which is shown in Fig. 4a . This also indicates that there is no phase transition brought about by a change in pressure. From  Fig. 4b , showing the free space in the unit cell, it can be seen how much free space decreases in the proximity of the molecules, especially near the phenyl and 2-tert-butylphenyl fragments, with an increase in pressure.
The orientation of the molecules in the crystals does not change significantly en route from 0.1 MPa to 1.50 GPa. The biggest change observed is for the benzene ring, 1.4°, but the change in orientation proceeds in a smooth manner (shown in Fig. 5a ).
High pressure influenced not only the intermolecular distances but also the intramolecular non-bonding contacts: for instance, the distance between the carbon atoms which take part in the formation of a five-membered ring in the photochemical reaction, D in Fig. 5b . As can be seen, D is almost constant for lower values of pressure and changes only at high values. High pressure is not able to significantly change the dihedral angle between the planes of both of the benzene rings in the molecules. This angle decreases only by 1.1°e n route from 0.1 MPa to 1.50 GPa, but nevertheless even this decrease proceeds in a smooth manner.
Photo-induced structural changes at different pressures
Changes in the unit cell parameters. For many steps of the photochemical reaction and crystal transformation at various pressures, we determined the cell parameters and crystal structures. Due to the photochemical reaction, the positions of the atoms and molecules change and these shifts are manifested in the cell parameters. Fig. 6 presents the changes in unit cell parameters resulting from the photochemical reaction carried out at 0.55 GPa and 1.27 GPa. As can be seen, the variations in the cell parameters are 54 The red colour denotes the intermolecular contacts that are shorter than the sum of the van der Waals radii of interacting atoms, white is for the van der Waals contacts and blue is for the longer contacts.
smooth as the photochemical reaction progresses, however, the same parameters do not change in the same way for both pressures. Interestingly, parameter b changes more at the higher pressure but the character of the changes in c is not the same: c decreases at the lower pressure and slightly increases at the higher pressure. The percentage change in a is similar for both pressures. At 0.55 GPa the photochemical reaction brings about the following changes in a, b and c: 3.0, −1.8, −0.5%, respectively. For 1.27 GPa, the changes for the same unit cell parameters are: 3.2, −3.0 and 0.2%. They lead to the following changes in the cell volume: 0.6 (16.3 Å 3 ) and 0.4% (10.7 Å 3 ) for 0.55 GPa and 1.27 GPa, respectively. The changes in the cell volume are smaller at the high pressure than at ambient pressure, however, the percentage change is similar for both cases. Changes in molecular orientation. The photochemical reaction conducted in crystals only brings about small changes in the orientation of the reactant molecules as it was in the case of the pressure-induced structural changes (see above Fig. 5a ). The biggest changes in the orientation of the benzene ring in the reactant molecules were 1.7°and 2.6°as the reaction progressed for 0.55 GPa and 1.27 GPa, respectively. These changes were monitored en route from the beginning of the photoreaction until ca. 50% of the reaction had occurred. The behaviour of the product molecules was monitored from ca. 10% of the reaction progress until the end of the reaction. The biggest changes in the orientation of the benzene ring of the product molecules were 11.4°and 9.2°in the monitored region for 0.55 GPa and 1.27 GPa, respectively. An example of such relationships is shown in Fig. 7 . As we can see, the changes observed are smooth.
Kinetics of the photochemical reaction. Knowledge on the content of the product in partly reacted crystals, gained during the structure determination, allowed us to calculate the values of the reaction order, n, at different pressures using the Johnson-Mehl-Avrami-Kolmogorov (JMAK) model. [56] [57] [58] This method has been applied to several photochemical reactions in crystals. [59] [60] [61] [62] In a previous paper 62 we pointed out that product formation should be described by the following equation:
where: P -the fraction of a product in a crystal, k -the rate constant of a photochemical reaction, t -the time of irradiation of a crystal and n -the Avrami exponent describing the dimensionality of growth of nuclei.
The values of n equal to 1, 2, 3 or 4 prove that the formation of a product in crystals is homogenous, linear, twodimensional or three-dimensional, respectively. Intermediate values indicate a hybrid mechanism.
In the case of the crystals studied in this work, the values of n are: 0.9, 1.1(3), 1.2(2) and 1.2 for 0.1 MPa, 0.55 GPa, 1.27 GPa and 1.50 GPa, respectively. They indicate that the photochemical reaction in the examined crystals was mainly conducted in a homogenous manner. Fig. 8 reveals the changes in the content of the product molecules in the crystal along with the time of irradiation of the crystal at pressures of 0.55 GPa and 1.27 GPa. As can be seen, the relationships are neither exponential nor linear, which indicates that the photochemical reaction is neither first nor zero order. For both pressures the photochemical reaction proceeds faster at the end rather than at the beginning. In the case of the Norrish-Yang reaction conducted at ambient pressure in α-methylbenzylamine salt with 1-(4-carboxybenzoyl)-1-methyladamantane, 7 the salt of 6,6-diethyl-5-oxo-5,6,7,8-tetrahydronaphthalene-2-carboxylic acid with (1S)-1-(4-methylphenyl)-ethylamine 9 and methyl 2-{[4-(2,4,6-triisopropylbenzoyl)benzoyl]amino}-3-phenylpropanoate (enantiomeric form) 10 we observed exponential relationships.
However, for methyl 2-{[4-(2,4,6-triisopropylbenzoyl)benzoyl] amino}-3-phenylpropanoate (racemic form) 10 the relationship between the content of the product and the time of irradiation has a character similar to that observed for the compound studied in this work, i.e. the reaction speeds up at the end. Now, we can generalize these observations in the following way. For all reactions characterized by exponential relationships, the distance between the reactive atoms in reactant molecules, D, is constant during the whole or almost the whole crystal phototransformation. 7, 9, 10 This is not the case for the compounds where an increase in the speed of the reaction rate is observed. For them, D is not constant but decreases. 10 (In general, smaller distances between reactive atoms are expected to increase the rates of photochemical reactions.) The decrease in D is also observed for the compound studied in this paper, namely from 3.014(5) Å (0% reaction progress) to 2.942(18) Å (44.0% reaction progress) at a pressure of 0.55 GPa and from 3.004(5) Å (0% reaction progress) to 2.88(3) Å (51.9% reaction progress) at 1.27 GPa. 
Conclusions
The analysis of intra-and intermolecular geometrical parameters for many stages of the photocyclization of 2-tertbutylphenylphenylmethanone provided information on the changes in a reaction centre, molecules and crystals and information on the influence of external factors, namely pressure. The studies showed that (a) the photochemical reaction carried out for the compound investigated brings about different modes of changes in the unit cell parameters at different pressures, (b) the reaction proceeds faster at the end than at the beginning, regardless of the pressure imposed onto the crystals, (c) the reaction was conducted in a homogeneous manner (d) there is no phase transition when an increase in pressure is imposed onto the crystals. Further research on other compounds and other types of photochemical reactions (intra-and intermolecular) will enable a better understanding of the influence of external factors, namely pressure, on the reactions in crystals and the paths of transformations of crystals. 
